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Abstract: 
 
 A series of 41 Monte Carlo simulations are performed in the grand canonical ensemble 
at 200 K to determine the adsorption isotherm and study in detail the adsorption of 
methylamine at the surface of Ih ice. The adsorption isotherm exhibits a plateau, corresponding 
to the saturated adsorption monolayer, in a broad range of chemical potentials and pressures. 
However, even this part of the adsorption isotherm deviates noticeably from the Langmuir 
shape. Shortly before condensation of methylamine occurs outer molecular layers also start 
building up. The remarkable stability of the adsorption monolayer is caused by the interplay of 
hydrogen bonding interaction between the adsorbed methylamine and surface water molecules 
and dipolar interaction between neighboring adsorbed methylamines. As a consequence, the 
adsorbed methylamine molecules exhibit a rich orientational distribution relative to the ice 
surface and the adsorption is accompanied by rather large energy variations.  
 
 
 
 3
1. Introduction 
 
 Gas/ice interactions are of fundamental importance to better understand the chemistry 
at the surface of ice-coated interstellar grain particles.1 In particular, astrochemists focus their 
interest on the origin and formation of amino acids in the interstellar medium. Indeed, their 
presence may provide information on the delivery of prebiotic molecules to the early Earth, the 
origin of life on Earth, and the possibility of Earth-like life elsewhere in the universe.2,3 In this 
respect, the methylamine (CH3NH2) molecule has an important role in the chemical evolution 
of the simplest amino acid, glycine. The bimolecular complex of methylamine with CO2 is 
found to be the global minimum on the Gibbs free energy surface of the glycine isomers 
(C2H5NO2), both in vacuum and in aqueous environment.4 Due to the weak intermolecular 
dipole - induced dipole interaction between CH3NH2 and CO2 this complex has a short lifetime 
under ambient conditions, although it can be stabilized at lower temperatures at ice surfaces. 
Since CH3NH2 is a good nucleophile and a stronger base (pKb=3.36) than ammonia 
(pKb=4.75), it can react with HNCO, HCN, HCOOH and CO2 with reasonable rates, even at 
low temperatures in interstellar ice analogues.5 Indeed, the formation of glycine has been 
reported recently on interstellar ice-analog films composed of water, methylamine, and carbon 
dioxide under irradiation of ultraviolet (UV) photons6 and high energy electron impacts.7 A 
kinetic measurement showed8 that the photochemical process resulting in glycine can be 
efficient at the ice surfaces since it can maintain a substantial amount of glycine, suggesting 
that interstellar amino acids can be formed on ice grains.6 Methylamine is detected in dense 
clouds9 and understood to be present on icy grains at concentrations of less than 1% relative to 
water. However, this is too low for its detections by astronomical infrared observations8 and no 
structural information is available about ice-adsorbed methylamine molecules. 
 As in the interstellar medium, ice surfaces are also thought to play a key role in the 
atmosphere of the Earth by catalyzing ozone destruction in the polar stratosphere through 
halogen activation10 and by partitioning organic compounds from gas to ice phases in the 
troposphere.11 Gas/ice interactions also possibly participate in scavenging of atmospheric 
pollutant molecules by falling snow.12 Amine molecules are common atmospheric species, 
emitted as gases from a variety of sources.13 They are also found in atmospheric condensed 
phases including aerosols, rain-water, and fog-water.14 More generally, amines have attracted 
increasing attention due to their potential role in enhancing aerosol nucleation rates in the 
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lower troposphere.15 Because low-molecular weight amines are highly water-soluble, a few 
studies have been devoted to their interaction with liquid water in order to better characterize 
their likely dissolution in aqueous aerosols at high temperature, and thus their gas/particle 
partitionning.14-16 By contrast, very little is known about their interaction with ice surfaces as 
encountered in high-altitude cirrus clouds or snow flakes. As a consequence, the 
thermodynamic and kinetic properties of amines in the atmosphere are not well quantified and 
only few atmospheric models incorporate them although they are ubiquitous.13,14  
 In summary, in astrophysics as well as in atmospheric studies, no structural information 
is available about ice-adsorbed amine molecules, neither in the interstellar medium, nor in the 
Earth’s atmosphere. This missing energetic and structural characterization can, however, be 
obtained by molecular scale computer simulations,17 since in this kind of calculations a 
detailed, atomistic level insight is obtained, within the limits of an appropriately chosen model, 
into the system of interest. However, in spite of the fact that methylamine has been the subject 
of several computer simulation investigations in the liquid phase as a neat liquid,18-20 in 
aqueous mixtures18,19,21 as well as the solvent of various ionic systems,22 we are not aware of 
such studies concerning its adsorption at the ice surface.  
 In the past two decades, the method of molecular dynamics (MD) simulation has been 
widely used to characterize the structure and energetics of the adsorption layer of various 
atmospheric species on ice.23-32 In addition, Grand Canonical Monte Carlo (GCMC) 
simulations17,33 have also been performed to simulate the adsorption isotherms of various 
classes of volatile organic compounds and atmospheric pollutants on ice at low 
temperatures.34-44 Indeed, the GCMC method is particularly suitable for studying adsorption, 
because in this method the chemical potential rather than the number of the adsorbate 
molecules is fixed in the simulation. As a consequence, by systematically varying the value of 
this chemical potential in a series of GCMC simulations, and determining the number of the 
adsorbed molecules per surface unit as a function of this, the adsorption isotherm can be 
calculated directly, from extremely low pressures up to the point of condensation. A deeper 
analyses can always be performed for physically relevant surface coverages. In a set of 
systematic investigations, the adsorption isotherms of methanol,34 aldehydes,35,38,39 acetone,36 
formic acid,37 aromatic hydrocarbon molecules,40 H2O2,41 HCN,42 and chlorofluorocarbons43,44 
on ice have been simulated so far. When possible, the comparison between simulated and 
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measured isotherms showed a good agreement, giving thus confidence in the theoretical 
approach.  
 We use here the GCMC method to characterize the adsorption of methylamine at the 
surface of Ih ice at low temperature. Indeed, besides the atmospheric and astrophysical interests 
alluded to above, this study aims at a more fundamental and systematic characterization of 
organic molecules adsorbed on ice surfaces, with a special focus on the influence of the amino 
group on the interaction with ice. The adsorption isotherms, the layering of the adsorbed 
molecules as well as the orientation and binding energy of the adsorbed molecules that are in 
direct contact with the ice phase are analyzed in detail.  
 
2. Computational Details  
 
 In order to simulate the adsorption behavior of CH3NH2 at the (0001) surface of Ih ice, 
grand canonical (,V,T) Monte Carlo calculations were performed at the temperature of 200 K, 
characteristic of the upper troposphere, at 41 different chemical potentials of methylamine, . 
The chemical potentials were chosen in such a way that the lowest value (-60.47 kJ/mol) 
corresponds to practically no methylamine molecule in the simulation box, while the 
simulation at the highest value (-27.21 kJ/mol) clearly belongs to the system having stable 
condensed methylamine above the ice surface. These  values and the corresponding mean 
number of methylamine molecules in the basic box, <N>, are tabulated in Table 1. In all 
simulations, the Ih crystal structure of the ice was represented by 2880 water molecules 
arranged in 18 layers placed in the middle of a 100 Å × 35.926 Å × 38.891 Å rectangular 
simulation box. The largest edge of the simulation box was set as the ice surface normal, while 
the two smaller axes (Y and Z) were chosen in accordance with the periodicity of the Ih ice 
crystal.  
 Potential of the methylamine was specified by the model proposed by Impey et al.,22 
while the TIP5P model45 was chosen for water due to the fact that it is able to describe the 
melting point of Ih ice rather accurately.46,47 Both of these models are rigid and pairwise 
additive, describing the interaction of a molecule pair as the sum of Lennard-Jones and 
Coulomb contributions between all pairs of their interaction sites. The methylamine model 
treats the CH3 group as a united atom, while the TIP5P water model employs also two non-
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atomic interaction sites besides the atomic ones. The force field parameters used are collected 
in Tables 2 and 3. The summation of the uij pair interaction energies over all molecule pairs 
within a center-center cut-off distance of 12.5 Å provides the potential energy of the simulated 
system (U). All interactions were neglected beyond this cut-off, which is in line with the 
parametrization of the TIP5P water model45.  
 The simulations, performed with the code MMC,48 were started from a configuration 
with a perfect Ih, 18 layer thin ice slab and 2 methylamine molecules having random positions 
in the vapor phase. A Monte Carlo simulation step consisted either in attempting a random 
translation (to a maximum distance of 0.25 Å) and randomly rotation (by no more than 15o) of 
a molecule, or attempting to change the number of methylamine molecules by one by either 
inserting or deleting a molecule. Molecule displacement and insertion/deletion trials were 
performed in alternating order. Insertions and deletions of methylamine were attempted with 
50% probabilities according to the cavity biased strategy suggested by Mezei,49,50 i.e., only 
centers of empty cavities with a radius of at least 2.6 Å were considered as possible centers for 
insertions. The attempted insertions and deletions were accepted or rejected according to the 
corresponding acceptance criterion.49,50 Searching for cavities was done along a 
100 × 100 × 100 grid, and repeated in every 106 Monte Carlo steps of the simulations. The 
probability of finding an empty cavity for insertion, Pcav, a value needed for applying the 
acceptance criterion of the cavity biased scheme,49,50 was determined as the ratio of the number 
of suitable cavities found and total number of grid points tested. The standard Metropolis 
criterion was used for the acceptance or rejection of the molecular displacement steps.17,51 In 
this way at least 0.1% of the insertion/deletion attempts turned out to be successful, while that 
of the molecule displacement attempts is above 20%.  
 After 4×108 – 109 Monte Carlo steps, all systems were considered as equilibrated since 
even the slowest systematic changes of mean number of adsorbed molecules, <N>, had been 
eliminated. The <N> values were then determined in consecutive 108 steps long equilibrium 
simulations. Furthermore, at five selected  values (see Table 1), 2500 sample configurations 
per system, separated by 2×105 Monte Carlo steps, were saved for detailed structural, 
orientational and energetic analyses in an additional 5×108 Monte Carlo steps long run. Finally, 
all properties calculated were averaged over the sample configurations collected as well as over 
the both sides of simulated ice slab.  
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3. Results and Discussion 
 
 3.1. Adsorption Isotherm. The mean number of methylamine molecules in the system, 
<N>, is shown in Figure 1 as a function of its chemical potential, ; the corresponding data are 
also collected in Table 1. Since virtually all methylamine molecules turned out to be next to the 
ice surface, while the bulk vapor phase contained a negligible number of molecules in every 
case up to the point of condensation, the resulting <N> vs.  data practically coincide with the 
adsorption isotherm. As it is seen, after a sharp exponential rise the isotherm reaches a rather 
long plateau, covering a roughly 5 kJ/mol wide range of chemical potentials around the  value 
of about -40 kJ/mol. Such a plateau, observed previously, e.g., for the adsorption of methanol34 
and formic acid37 on ice, typically corresponds to monolayer coverage of the solid surface and 
indicates that this monomolecular adsorption layer is particularly stable, presumably due to the 
strong lateral interaction acting between the adsorbed molecules. This point is further 
investigated in detail in the following sub-sections. At the end of this plateau, above the  
value of -35 kJ/mol, the isotherm exhibits a rather sharp increase, indicating the starting of 
multilayer adsorption. However, this sloped part of the isotherm is very short, and it is 
followed by a sudden jump around -33.5 kJ/mol, corresponding to the condensation of 
methylamine. Thus, although the isotherm shows traces of multilayer adsorption, the presence 
of at least parts of an outer molecular layer is stable only in a very narrow range of chemical 
potentials (and, hence, of pressures), as further building up of these outer molecular layers is 
prevented by the condensation of methylamine.  
 To further analyze the obtained adsorption isotherm we have transformed it to the more 
conventional  vs. prel form, where  is the surface density of the adsorbed molecules, 
calculated as  
 
YZ
N
Γ
2

 ,      (2) 
(where the factor 2 in the denominator stands for the two ice surfaces present in the basic box), 
and prel = p/p0 is the relative pressure, i.e., the pressure of the system, p, normalized by that of 
the saturated vapor, p0. Since the bulk vapor phase of the system is practically empty in every 
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case, the value of the absolute pressure, p, can hardly be evaluated in the simulations. 
However, the relative pressure can simply be calculated as52  
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where kB stands for the Boltzmann constant, and o is the chemical potential value 
corresponding to the point of condensation. From the <N> vs.  data we can estimate the value 
of o as -33.41 kJ/mol. It should be noted that since prel stands for the pressure of the vapor 
phase relative to that of the saturated vapor, the <N>() isotherm can be converted 
meaningfully to the (prel) form only up to the point of condensation.  
 The  vs. prel isotherm is shown in the inset of Fig. 1 and the corresponding data are 
included in Table 1. As it is seen, the exponential rise of the <N>() isotherm at low chemical 
potential values is converted to a steep linear increase of (prel). This rise turns rather quickly 
into an almost constant plateau in the prel range of about 0.05 – 0.2. This plateau covers the 
relative pressure range from about 0.2 to 0.9, emphasizing the remarkably broad pressure range 
in which the saturated adsorption monolayer of methylamine is stable at the surface of ice. At 
relative pressures above 0.9 the isotherm turns again upward, indicating again that multilayer 
adsorption starts right below the pressure at which the condensation of methylamine occurs. 
 To gain further insight into the nature of this particularly stable adsorption monolayer, 
we have fitted a Langmuir isotherm,53,54  
 
Kp
Kp
ΓΓ
rel
rel
max 1 
       (4) 
to the  vs. prel data up to the relative pressure of 0.75 (i.e., leaving out the last two data points, 
corresponding to multilayer adsorption). In this equation the parameter max is the surface 
density of the saturated monolayer and K is the Langmuir partition coefficient. The best fitting 
curve, shown by red dashed line in Fig. 1, corresponds to the max and K values of 
10.35 mol/m2 and 104.1, respectively. The fitted curve follows the data points rather 
accurately both in the linearly rising part and in the plateau; however, it deviates considerably 
from them in the turning region. The insufficient description of the data in this pressure range 
by a Langmuir isotherm is demonstrated in the innermost inset of Fig. 1, showing this part of 
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the isotherm on a magnified scale. Since the Langmuir isotherm assumes no interaction 
between the adsorbed molecules, the failure of the Langmuir fit, in accordance with the 
observed stability of the saturated monolayer in a broad range of pressures, suggests the 
presence of rather strong attractive lateral interactions between the adsorbed molecules. 
 Based on the behavior of the adsorption isotherm, we have chosen five  values for a 
thorough analysis of the structure and energetics of the adsorption layer (or the first molecular 
layer of methylamine in the case of a condensed phase). Thus, in system 1, corresponding to 
the  value of -47.17 kJ/mol, the ice surface is almost empty; both surfaces in the basic box 
host only 2-3 methylamine molecules (see Table 1). In system 2, at  = -42.18 kJ/mol the ice 
surface is only partly saturated, it hosts about one third of its full capacity. System 3 at 
 = -35.53 kJ/mol is located at the broad plateau of the isotherm corresponding to the presence 
of the saturated monolayer. System 4, at  = -33.45 kJ/mol, is located right below the point of 
condensation, when traces of outer molecular layers of methylamine are also present. Finally, 
system 5, at  = -32.20 kJ/mol, is above the point of condensation, and thus it corresponds to 
the condensed phase of methylamine. An equilibrium snapshot of the interfacial region in 
systems 1-5 is shown for illustration in Figure 2, both in top and side views.  
 3.2. Density Profiles. The molecular number density profile of methylamine along the 
interface normal axis, X, is shown in Figure 3 for systems 1-5. For reference, the density 
profile of the outmost layer of the ice phase is also shown in the main figure, and the water 
number density profile across the entire ice phase is shown in the inset of the figure (as 
obtained in system 1). The positions of the methylamine and water molecules have been 
represented by that of their N and O atoms, respectively. 
 The resulting density profiles confirm the conclusions drawn from the shape of the 
adsorption isotherm. Thus, systems 1 and 2 are characterized by unsaturated monolayers, the 
corresponding density profiles show a single peak around 33.5 Å, i.e., in contact with the ice 
phase. The profile of system 3 still consists of this single peak, which now reaches its full 
height. System 3, located in the plateau region of the isotherm (Fig. 1), is characterized by a 
saturated adsorption monolayer, which turns out to be stable in a broad pressure range. The 
building up of outer molecular layers starts in system 4, just below the point of condensation, 
as seen from the second peak of the profile, around 37 Å, and an additional shoulder around 
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39 Å. Finally, in system 5 the profile does not drop to zero, indicating the presence of a 
condensed phase of methylamine.  
 It is interesting to note that the density profile obtained in system 5 does not resemble 
that of a liquid phase. It shows a number of maxima of various heights, separated always by 
2.5-3 Å from each other rather than a damped oscillation rapidly converging to the bulk phase 
density value. This density profile suggests that the condensed methylamine phase is in a 
glassy state rather than a liquid. To understand this behavior one should consider the fact that 
the experimental triple point temperature of methylamine is 180 K,55 which is rather close to 
the temperature of our simulations of 200 K. Considering also that the formation of a 
crystalline phase in a computer simulation typically requires a run several orders of magnitude 
longer than we performed here, we believe that what we see is a precursor of crystal formation, 
and that the system simulated is thus likely below its triple point temperature.  
 In the following we analyze the orientations and energetics of the adsorbed 
methylamine molecules that are in a direct contact with the ice phase. The outer boundary of 
this first molecular layer can be conveniently defined through the density profile obtained in 
system 5 as the position of its first minimum. This minimum, located at the X value of 35.4 Å, 
is shown by the dotted vertical line in Fig. 3. 
 3.3. Orientational Preferences of the Adsorbed Methylamine Molecules. We have 
already shown that the angular polar coordinates of the external vector,  and , in a local 
Cartesian frame (x,y,z) fixed to the individual rigid bodies is an eligible choice for describing 
the relative orientation of rigid body, given that cos and  are regarded as the independent 
orientational variables.56,57 In order to get information about the preferred orientations of the 
adsorbed methylamines in this work, the external vector is defined by the surface normal 
vector, pointing away from the ice phase (X), while methylamine molecules are considered as 
the rigid bodies, and their local Cartesian frame is defined in the following way: the N atom is 
its origin, the N-C bond corresponds to axis z (where the unit vector z points to the CH3 group), 
axis y is parallel with the line connecting the two H atoms of the NH2 group, and axis x is 
perpendicular to the above two, directed in such a way that the x coordinates of the two NH2 
hydrogen atoms are positive. Thus,  is the angle between axis z of this frame and the surface 
normal vector, X, while  is the angle of axis x and the projection of X to the xy plane of this 
local frame, as shown in Figure 4. Due to the fact that the methylamine model used is 
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symmetric, this local frame can always be defined in such a way that the polar angle  does not 
exceed 180o. 
 The P(cos,) orientational maps obtained in the first methylamine adlayer in systems 
1, 2, 3, and 5 are shown in Figure 5. The map obtained in system 4 shows very similar features 
to that in system 3, hence it is omitted from this figure. As it is seen, in systems 1-3 
orientations corresponding to cos values of nearly 0 occur with high probabilities. In these 
orientations the N-CH3 bond is parallel with the ice surface. In system 1 the most probable 
orientation corresponds to a  value of 90o, i.e., one of the two NH2 hydrogen atoms pointing 
towards and the other one away from the ice surface. The peak of this preferred orientation, 
marked here as orientation A, broadens considerably toward lower cos values, corresponding 
to a small tilt of the molecule away from the above orientation in such a way that its CH3 group 
as well as the lone pair of the N atom point flatly towards the surface. In this orientation, 
illustrated also in Fig. 5, the methylamine molecule can form up to two H-bonds with water 
molecules at the ice surface that are aligned in one of their four preferred orientations:34 one by 
donating the downward oriented H atom of the NH2 group, and another one by accepting a 
water H atom in the direction of the slightly downward oriented lone pair.  
 As the ice surface comes closer to saturation, the preference for alignment A becomes 
progressively weaker. In the case of the saturated monolayer (system 3) it splits and moves to  
values of 120o and 60o. These orientations are marked as A1 and A2. The orientations 
corresponding to  values of 180o and 0o, marked here as B (traces of which are already seen in 
system 1) and C, respectively, become progressively more populated. It is also seen that the 
preferred orientations move to slightly negative cos values as the adsorption layer gets closer 
to saturation, indicating a slight tilt of the N-CH3 bond towards the ice surface. In orientation 
A1 one of the two NH2 hydrogen atoms points as straight towards the ice surface, while in A2 
as straight away from the ice surface as possible within the constraint imposed by the preferred 
(parallel with the surface) orientation of the N-CH3 bond. In orientations B and C the two N-H 
bonds of the NH2 group tilt equally from the surface, the two H atoms pointing towards the ice 
phase in orientation B and away from it in orientation C. All preferred orientations are also 
illustrated in Fig. 5. It should be noted that a methylamine molecule that is in orientation A2 or 
B can form, in principle, up to two hydrogen bonds with surface water molecules aligned in 
one of their preferred interfacial orientations:34 in the first case through the downward oriented 
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H atom and via the lone pair while in the second case by both NH2 hydrogen atoms. By 
contrast, only one such hydrogen bond can be formed in orientations A1 and C: in the first case 
by the downward oriented H atom while in the second case by the lone pair. Typical hydrogen 
bonding arrangements between adsorbed methylamine and surface water molecules, in which 
all molecules are aligned in one of their preferred orientations are shown in Figure 6.a. 
 In system 5 the peaks A1 and A2 shift to the cos value of -1. This value corresponds 
to the orientation in which the CH3 group of the methylamine molecule points straight towards 
the ice phase. In this case, the polar angle  loses its meaning (as the projection of vector X to 
the xy plane of the local Cartesian frame becomes a point). In this orientation, marked as D and 
also illustrated in Fig. 5, no hydrogen bond can be formed between the methylamine molecule 
and the surface waters, since the polar group of methylamine points straight away from the ice 
phase. This orientation is made possible by the presence of highly populated outer 
methylamine layers in system 5, containing condensed methylamine.  
 Finally it should be noted that the preferred methylamine orientations in the first layer 
are such that they do not correspond to the alignments required for a hydrogen bonded 
methylamine pair. On the other hand, considering the fact that the dipole vector of the 
methylamine molecule coincides more or less with the bisector of the H-N-H angle, 
neighboring adsorbed methylamine molecules can easily form strongly interacting dipole-
dipole pairs in these orientations, either in a head-to-tail or in an antiparallel relative 
arrangement. Strong dipolar interactions between neighboring methylamine molecules can 
further rationalize the observed orientational preferences. Thus, the dipole vectors of two 
neighboring molecules, both aligned in orientation A, can easily be arranged in a head-to-tail 
fashion. Similar but weaker, zig-zagged head-to-tail dipolar alignments can also be formed by 
such pairs in any other preferred surface orientations. Furthermore, orientations corresponding 
to symmetric positions along the  axis of the orientational map (i.e., A1 and A2, B and C) 
correspond to opposite dipolar alignments. Therefore, neighboring methylamine molecules 
aligned in such pairs of orientations can easily form antiparallel dipolar pairs. Finally, the 
preference for alignment D at high surface coverages can also be rationalized considering 
dipolar attraction within the first molecular layer. At low surface coverages orientation D is 
evidently not populated because of the lack of possible hydrogen bonds with the surface 
waters. However, at high surface coverages methylamine molecules that fit to the first 
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molecular layer in this alignment can form head-to-tail dipolar pairs with neighbors of 
orientations A2 or C, and antiparallel dipolar pairs with neighbors of orientations A1 or B. 
Typical relative arrangements of two neighboring adsorbed methylamine molecules, 
corresponding to a strong dipolar attraction between them, in which both molecules are aligned 
in one of their preferred orientations, are illustrated in Figure 6.b. 
 
 3.4. Adsorption Energy. The distribution of the binding energy, Ub, is calculated for 
the first methylamine adlayer in systems 1-5 in order to understand the energetics of the 
adsorption process. Ub is the total interaction energy of an adsorbed methylamine molecule 
with the rest of the system. Furthermore, interaction energy distribution of a molecule in the 
first methylamine adlayer with the ice phase, icebU , and with the other methylamine molecules, 
lat
bU , are calculated.  
 The above mentioned energy distributions obtained in systems 1, 2, 3 and 5 are shown 
in Figure 7. The distributions obtained in system 4 turned out to be very similar to those of 
system 3, therefore the corresponding curves are not shown here. In system 1 P( icebU ) is a 
unimodal distribution, having its highest probabilities around -55 kJ/mol. Since the binding 
energy of a hydrogen bond is about 20-25 kJ/mol, it can be interpreted as the majority of the 
adsorbed methylamines indeed form two H-bonds with the surface waters in system 1. It is also 
worthy to mention that the heat of adsorption at infinitely low surface coverage can be 
estimated as -51.3 kJ/mol from the mean value of this distribution. Bimodal P( icebU ) 
distribution is observed in the case of system 2; its main peak occurs around -35 kJ/mol and the 
another peak can be found around -50 kJ/mol. As the first molecular layer saturates, the peak at 
-35 kJ/mol becomes the only feature of the distribution, and it shifts to slightly higher energies 
around -30 kJ/mol in systems 3-5. This can be explained that, as the first molecular layer gets 
progressively closer to saturation, an increasing fraction of the adsorbed methylamine 
molecules form only one H-bond with the surface waters. In the case of a fully saturated 
adsorption layer the fraction of the double hydrogen bonded methylamine molecules vanishes. 
Furthermore, the P( icebU ) distributions shift slightly to higher energies with increasing surface 
coverage, indicating that, presumably due to the increasing competition between the adsorbed 
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molecules, these methylamine-water hydrogen bonds become progressively weaker. Finally, in 
the case of system 5, a minor mode occurs at the high energy side of the major mode of 
P( icebU ), around -8 kJ/mol. This shoulder corresponds to methylamine molecules that form no 
hydrogen bonds with the surface waters, and give rise to peak D of the orientational map.  
 The P( latbU ) distribution obtained in system 1 is dominated by a very high and narrow 
peak at zero energy. This peak reflects the fact that at such a low surface coverage the majority 
of the adsorbed molecules are separated from each other and their lateral interaction is thus 
negligible. However, besides this trivial peak another small one is apparent slightly above 
-20 kJ/mol. This peak can be attributed to neighboring pairs of adsorbed methylamine 
molecules that strongly interact with each other. The fact that the position of this peak is 
located above -20 kJ/mol excludes the possibility of hydrogen bond formation, in accordance 
with the conclusion drawn from the orientational analysis. However, this interaction energy is 
certainly low enough for a molecule pair with strong dipolar attraction. As the surface gets 
progressively closer to saturation the trivial peak of the isolated molecules at zero energy 
decreases and finally vanishes in system 3. Simultaneously, the other peak increases, broadens 
and shifts to lower energies: in systems 2, 3 and 5 it appears at about -20, -30, and -40 kJ/mol, 
respectively. This shift reflects the increasing number of neighbors within the adsorption 
monolayer and, reaching the condensed system 5, also beneath this layer.  
 The total binding energy distribution, P(Ub), is unimodal in every case; the position of 
its peak shifts to lower energies with increasing surface coverage, being around -50, -55, -60, 
and -72 kJ/mol in systems 1, 2, 3, and 5, respectively. This progressive shift reflects the fact 
that the increasing lateral interaction, resulting from the increasing number of adsorbed 
molecules, clearly overcompensates the weakening of the adsorbate-ice interaction caused by 
the increasing competition of the methylamine molecules.  
 
4. Conclusions 
 
 In this paper we have presented a detailed analysis of the adsorption of methylamine at 
the (0001) surface of Ih ice under tropospheric conditions on the basis of a series of grand 
canonical ensemble Monte Carlo computer simulations. The adsorption isotherm exhibits a 
plateau corresponding to a saturated monomolecular adsorption layer, indicating that such a 
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monolayer is stable in a remarkably broad range of chemical potentials, and hence of pressures. 
At pressures close to that of the saturated vapor, traces of multilayer adsorption have been 
detected; however, the building up of outer molecular layers is prevented by the condensation 
of methylamine.  
 The remarkable stability of the saturated adsorption monolayer results from a delicate 
interplay between hydrogen bonding (between surface water and adsorbed methylamine 
molecules), and strong dipolar attraction (between the neighboring adsorbed molecules). As a 
consequence, the adsorption isotherm deviates noticeably from the Langmuir shape and the 
adsorption process is accompanied by rather large energy changes. Thus, the heat of adsorption 
at infinitely low surface coverages is estimated to be -51.3 kJ/mol, the interaction energy of an 
isolated neighboring adsorbate pair is found to be about -20 kJ/mol, and the average total 
binding energy of an adsorbed molecule turns out to be in the range of -50 – -60 kJ/mol, even 
in the lack of outer adsorption layers. Correspondingly, the adsorbed methylamine molecules 
exhibit rather rich orientational preferences. At low surface coverages these preferences are 
mainly governed by the requirement of maximizing the number of hydrogen bonds formed 
with the surface water molecules, while with increasing surface coverages the formation of 
favorable (i.e., antiparallel or head-to-tail type) dipolar relative near-neighbor alignments 
becomes also an increasingly important factor in this respect. 
 From a more general, atmospheric, point of view, amines are among the few 
atmospheric bases which, in competition with ammonia, have a unique acid-neutralizing 
capacity.13 Regarding the importance of a better quantification of their gas/particle partitioning, 
the present calculations show that methylamine strongly interacts with the surface of ice at the 
low temperatures typical of the upper troposphere. Thus, ice particles in cirrus clouds may trap 
significant fractions of such molecules, participating in their scavenging from the gas phase, 
and, as a consequence, modifying their potential role in particle nucleation and secondary 
organic aerosol formation. 
 In the same way, the large interaction energies with ice calculated here are consistent 
with the trapping of methylamine by solid water at the surface of interstellar grains or in 
comets,58 where subsequent chemical/photochemical reactions may well participate in the 
formation of glycine, i.e., the simplest amino acid molecule involved in prebiotic chemistry. 
Indeed, very recent mass spectrometer measurements have evidenced the presence of glycine 
accompanied by methylamine and ethylamine in the coma of comet 67P/Churyumov-
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Gerasimenko, indicating that these three molecules are closely related to each other in the ice 
mantle of the comet.59 This discovery stresses the urgent need for a better understanding of the 
chemistry at the ice surface in the interstellar medium, to which the present study can 
participate by giving, for instance, a detailed picture of the adsorbed geometries on ice. Indeed, 
one important finding of our calculations is that, at low coverage, the methylamine molecule is 
adsorbed with its N-CH3 axis parallel to the ice surface, with at least one hydrogen atom of the 
amine group involved in hydrogen bonding with one surrounding water molecule. Such H-
bonding has been shown to be required for the barrier-free formation of a glycine precursor, 
namely the methylcarbamic acid zwitterion (CH3NH2+COO-), as resulting from the reaction 
between methylamine and carbon dioxide in interstellar ices.3  
 Finally, from a more fundamental point of view, the present study adds a new class of 
organic molecules in our systematic characterization of the adsorption isotherms of 
atmospheric species on ice. The evidence of a very stable monolayer of methylamine 
molecules on ice could motivate new experiments for supporting our conclusions. 
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Tables 
Table 1. Data Corresponding to the Simulated Adsorption Isotherm  
/kJ mol-1 <N> p/p0 mol m2 
-60.47 0.0070 8.55×10-8 4.16×10-4 
-59.64 0.0055 1.41×10-7 3.27×10-4 
-58.81 0.0104 2.32×10-7 6.18×10-4 
-57.98 0.0172 3.83×10-7 1.02×10-3 
-57.14 0.0405 6.32×10-7 2.41×10-3 
-56.31 0.0657 1.04×10-6 3.90×10-3 
-55.48 0.0994 1.72×10-6 5.91×10-3 
-54.65 0.0815 2.83×10-6 4.84×10-3 
-53.82 0.2217 4.67×10-6 1.32×10-2 
-52.99 0.3634 7.69×10-6 2.16×10-2 
-52.16 0.6004 1.27×10-5 3.57×10-2 
-51.32 0.7782 2.09×10-5 4.62×10-2 
-50.49 1.206 3.45×10-5 7.17×10-2 
-49.66 1.834 5.69×10-5 0.109 
-48.83 2.419 9.37×10-5 0.144 
-48.00 3.699 1.55×10-4 0.220 
 -47.17a 5.089 2.55×10-4 0.302 
-46.34 7.273 4.20×10-4 0.432 
-45.50 9.919 6.93×10-4 0.589 
-44.67 13.89 1.14×10-3 0.825 
-43.84 23.34 1.88×10-3 1.39 
-43.01 30.72 3.10×10-3 1.83 
 -42.18b 54.58 5.12×10-3 3.24 
-41.35 80.71 8.44×10-3 4.80 
-40.52 112.4 1.39×10-2 6.68 
-39.69 133.3 2.29×10-2 7.92 
-38.85 145.7 3.78×10-2 8.66 
-38.02 152.0 6.24×10-2 9.03 
-37.19 155.0 0.103 9.21 
-36.36 160.3 0.169 9.52 
 -35.53c 163.0 0.279 9.68 
-34.70 168.5 0.461 10.0 
-33.87 173.5 0.760 10.3 
-33.53 180.3 0.928 10.7 
 -33.45d 188.5 0.975 11.2 
-33.37 772.3   
 -33.20e 775.2   
-32.20 791.4   
-30.54 802.9   
-28.88 818.5   
-27.21 823.6   
asystem 1  system 2       csystem 3    dsystem 4    esystem 5
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Table 2. Parameters of the Lennard-Jones and Coulomb Interactions of the Potential 
Models. ,  and q Stand for the Lennard-Jones Distance and Energy Parameters and for 
the Fractional Charges, Respectively. 
Molecule Site /Å /kJ mol-1 q/e 
CH3 3.80 0.711  0.25 
N 3.30 0.711 -1.05 methylaminea 
H - -  0.40 
     
O 3.12 0.670 0 
H - -  0.241 waterb 
Lc - - -0.241 
aRef. 22  bTIP5P model, Ref. 45  cNon-atomic interaction site 
 
 
 
 
 
Table 3. Bond Lengths and Bond Angles of the Potential Models  
molecule bond bond length (Å) angle bond angle (deg) 
CH3-N 1.448   
N-H 1.010   
  CH3-N-H 109.5 
methylamine 
  H-N-H 106.4 
     
 O-H 0.957   
O-L 0.700   
water 
  H-O-H 104.50 
   L-O-L 110.70 
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Figure Legend 
 
Figure 1. Adsoprtion isotherm of methylamine (mean number of the adsorbed CH3NH2 
molecules as a function of their chemical potential) at the surface of ice. The line connecting 
the points only serves as a guide to the eye. The inset depicts the same isotherm in the more 
conventional  vs. prel form (black circles) up to the point of condensation and the Langmuir 
isotherm fitted to these data up to a prel value of 0.75 (red solid line). The innermost inset 
shows the turning region of this isotherm on a magnified scale. The arrows mark the systems 
used for detailed analyses.  
 
Figure 2. Instantaneous equilibrium snapshots of the surface part of systems 1-5 (from left to 
right), both in top and side views (top and bottom rows, respectively). CH3 groups, O, N, and H 
atoms are marked by black, red, blue, and white colours, respectively; water hydrogens are 
omitted from the picture.  
 
Figure 3. Number density profile of methylamine along the X (surface normal) axis of the 
basic box, as obtained in systems 1-5 (red solid line, green dashed line, blue dash-dotted line, 
orange dash-dot-dotted line, and magenta circles, respectively) The water number density 
profile corresponding to the outmost layer of ice is also shown (dashed black line). The 
boundary of the first molecular layer is marked by the dotted vertical line. The water number 
density profile in the entire ice phase is shown by the inset as obtained in system 1.  
 
Figure 4. Definition of the local Cartesian frame fixed to the individual methylamine 
molecules, used in the orientational analysis, and of the polar angles  and  of the surface 
normal vector, X, pointing away from the ice phase. Colour coding is the same as in Figure 2.   
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Figure 5. Orientational maps of the first layer methylamine molecules as obtained in systems 
1, 2, 3 and 5 (from left to right). Lighter colours correspond to higher probabilities. The 
methylamine orientations corresponding to the various peaks of the orientational maps are also 
shown. Colour coding is the same as in Figure 2. X is the surface normal vector, directed to 
point from the ice to the methylamine phase. 
 
Figure 6. (a) Hydrogen bonding arrangements of first layer methylamine and surface water 
molecules, in which all molecules are aligned in one of their preferred surface orientations. The 
dashed black lines are schematic representations of the hydrogen bonds. (b) Relative 
arrangements of two neighboring first layer methylamine molecules both aligned in one of 
their preferred surface orientations, corresponding to favorable dipole-dipole arrangements. 
The arrows are schematic representations of the molecular dipole vectors Colour coding is the 
same as in Figure 2. X is the surface normal vector, directed to point from the ice to the 
methylamine phase.  
 
Figure 7. Distribution of the total binding energy of a methylamine molecule in the first 
adlayer at the ice surface (bottom) and of its contributions due to the interaction with the other 
methylamine molecules (middle) and with the water molecules of the ice phase (top), as 
obtained in systems 1, 2, 3, and 5 (red solid lines, green dashed lines, blue dash-dotted lines, 
and magenta circles, respectively).   
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Figure 3 
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Figure 4 
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Figure 5 
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Figure 6.a 
Szentirmai et al. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
A 
A1 
A2 
B 
C 
X 
 33
Figure 6.b 
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Figure 7 
Szentirmai et al. 
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